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A Study of STS 316L Threaded Elbow Fitting Fabrication by Metal
Injection Molding
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Abstract

A net-shape forming of small and complex-shaped metal parts by metal injection molding (MIM) has
economic advantages in mass production, especially for STS 316L valve fitting. STS 316L offers excellent
corrosion resistance, but it has poor machinability, which is a limitation in using it for a cost-effective production
where both forging and machining are employed. Simulation and experimental analysis were performed to
develop a MIM STS 316L 90° elbow fitting minimizing trial and error. A Taguchi method was used to determine
which input parameter was the most sensitive to possible defects (e.g. sink mark depth) during the injection
molding. The final prototype was successfully built. The results indicate that the simulation tool can be used
during the design process to minimize trial and error, but the final adjustment of parameters based on field

experience is essential.

Key Words : STS Valve Fitting, Metal Injection Molding, Computer Aided Engineering, Taguchi Method
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Table 1 Input Data: Viscosity coefficients of STS 316L

feedstock
n 018 | 63,684 Pa
A 16472 | A, 326 K
D, 73,967 Pa-s | D, 326.15 K
D, 0

Table 2 Thermal properties of STS316L feedstock

Pm 3.98glem® | ps 4.54 glem®
Co 685 J/kg-°C k 0.509 W/m-°C
10000.7
Viscosity vs Shear Rate
o 1000.0 Y
©
g,
21000 A
w
8
K] A T=130[C]
> 1000 T m T=150[C]
@ T=170[C]
1.000 T T T T \
1.000 10.00 1000 1000.0 10000 1.000E+05
Shear Rate [1/s]
(a)
., 024507 Specific Volume vs Temperature
"’g’ 0.24007
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: )
25.00 61.25 97 50 1338 1700
Temperature [°C]

(b)
Fig. 1 (a) Modified Cross-WLF viscosity model for STS
316L feedstock (b) 2-domain Tait model for PVT
behavior of the feedstock
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Fig. 2 Schematics of 90° elbow fitting and the sliding
cores used for internal flow path
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Fig. 3 Symmetry plane of the part (left) and the filling
patterns with respect to the gate locations from
the filling analysis (right)

Table 3 Flow length, pressure drop, and clamping force
for the proposed gate locations

Flow length | Pressure drop | Clamping force
[mm] [MPa] [ton]
1 29 2.46 0.29
2 42 2.03 0.26
3 38 2.00 0.26

Gravity
Direction

Parti r‘\g\m

Direction

Scale 100mm

Fig. 4 Cooling channel schematics including part and

runner systems
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Fig. 5 Progressive filling patterns at (a) 25% fill, (b) 50%

fill, (c) 75% fill and (d) 100% fill
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Fig. 6 Melt front temperature changes with the weld
line formations
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Table 4 Control factors and their levels used for
Taguchi’s method

- AAgE L okAlY]

1 o

Table 6 Process parameter rank of percentage influence
on sink mark depth and injection pressure

. Level
Control factors Unit
1 2 3
Fill time S 1.2 1.0 0.8

Melt temperature °‘C | 140 | 150 | 160
Mold temperature °C 35 40 45
Packing Pressure | MPa| 30 33 36

O|0|m|>

Table 5 Lo(3%) orthogonal array used in this study and

its results
RuN Control factors Ipnrjeescstllj?g S'?jlég?ﬁrk
A B C D Mpa mm
1 1 1 1 1 47.46 0.264
21 1 2 2 2 4477 0.273
3| 1 3 3 3 42.20 0.284
4| 2 1 2 3 48.77 0.261
51 2 2 3 1 48.86 0.270
6| 2 3 1 2 43.86 0.288
71 3 1 3 2 50.56 0.267
8| 3 2 1 3 48.08 0.274
9 3 3 2 1 45.57 0.297
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Fig. 8o &+ &% =& el ow Table 60 <179

st o,

A B C D
Sink mark depth 16.5% | 64.1% | 9.0% | 10.4%
Rank 2 1 4 3
Injection pressure | 32.0% | 49.1% | 9.7% | 9.2%
Rank 2 1 3 4
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Fig. 8 Main effect plots on (a)sink mark depth and
(b)injection pressure showing S/N ratios
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Table 7 Dimension comparisons of the green and
sintered parts

Green part | Sintered part | Shrinkage
mm mm %

Height 47.39+0.14 39.64+0.11 16.35%

Width 45.06+0.13 37.66+0.08 16.42%

Flow path 9.29+0.05 7.78+0.03 16.25%

®
-

/)
—
1
i
I

Fig. 9 Drawing of the injection mold "’W“‘ ”‘":“

t

Fig.11 A green part and a sintered part showing volume
reduction during the debinding and sintering
processes

Fig.10 Picture of the injection mold

R
H252(9.7%), H<9H9.2%) <otk AAxAe W Injection
sholl we Ariae] WEHEe Azl v estiog ~
e A gomz, HAHo AERYL AL & 3 PN
 zAo 3 5 = M Crack B
T 20 HAF AYxdem A9tk
Fig.12 Cracks on a section of fitting from the initial
5. A&t trial
51 &¢ 40%7F ¥k AzkE AGA W wklg e Al
E‘ /élﬁnoﬂ/‘il_‘\: Engel*}ﬂ ViCtOfy 80 /\]—%/‘335]7] 7%% %HH%X], oé;i-ll %X] 21‘;1_7:”0“ Z’é‘.ﬂ 5_]_33'3}933}.
ate] A@AS AR Fig. 9= APl A} N-Hexan &) 50°Col+l 12417k A AA @A) W)
olgste] R FHE WEIL gl 7Y R9)7)e] " =ol A 250°Col A 2A17F, 450°Col A 2

A7 FAe] Fol uheltE AzregA) sherh,
227 2 AYAE IF 719 LA R A
1320°Col Al 2A1%F A5k AT Fig. 112

an
>
fo o o 2 HI op

B oMo Qe >
PR L=



128 AAG - A

Green part9} Sintered parte] 4
‘:—L}*ﬂﬂ 37] tﬂ@re L‘rE‘rIH

o 8 2

o] ‘%_“E hi%% ;LM U%

°]Z Fig. 1201]
AT}, Crack “A”= A WHA ALY ol A

o dreegpqlo] A Aolz}t oI <t
2l olY St Crack “B”= IW e 7M 572
Al wme] mpg wA oA AT o] F
z39 v =4S T A9 Zﬂﬂ gom HF

6= S§°
Koz AAH }_ﬁg

T

= Flg 1301]% Aggle HF

Ak Y] AFRige] g AFHd FHS
3 dx XFEA 9Ye] %, Fol, i #E
S HAAEF, dogzE AAHFE 10719 AlH] o)
A AEA} AAA S WEATE SAHT hSTable
7e] Ve AT

A" AYA A Ago Hdgs Ed

FEES ARste] Table 790 LER

5.2 4 HIt
Zﬂ;‘—}% g e F7tE fldte] YT =250
2 g HH Z27A(EA 300°C/2h, 272 1250°C/2h)
oA Azt JGAHS AAsIR o AL,
2 WA F7kE AAlE i % Al e

473MPacllom =4 2349 A E(HRB):

1 o

j
-
1
R

||\
Ir

- A L o

sk

89.2¢lth olzy|vg A or ZHE WUEE 7629
cm’ o ol ZW=ol 7.99g/cmet Bl FS uw A
gEEE 9536%F =R 7]|FS W5 52
doll gk H7HE 98] 350A1F B ?é‘/[\“"‘l‘ Al

o] Ao} st 7]
ol

O

;
-

o e
™
&
e
filo
iy
4
>
>,
e
ox
ofl
=
o A
o
ol

o
38
o
)
ox
ofl
—_>‘4-"4
lo,
-z
o,
N
)

&

|
O
il
=
r o)

1=}

X

rlr

ﬁ
o >
ol

kT
°

M1 ol
ol ol
o X
)
>
At
k
=2
off
O
o
=)
N
( 1[j
il

N
-
>

g
il

]—;LZJ:/\],ZH

oo o
N
2
o

o ox

i
A oo @

AfhA BTl (24)

REFERENCES
[1] S. Ahn, C. J. Hwang, Y. S. Kwon, S. J. Park, R. M.
German, 2012, Development of Ultrasonic Dental
Tips by Powder Injection Molding, Int. J. Powder
Metall., Vol. 48, No. 2, pp. 11~20.
R. M. German, 2011, Powder Injection Moulding in
the Aerospace Industry: Opportunities and Challenges,
PIM Int., Vol. 5, No. 1, pp. 28~36.
G. Schlieper, 2007, Leading German Manufacturer
works to develop the market for MIM in automotive
sector, PIM Int., Vol. 1, No. 3, 37~41.
[4] J. Lenz, R. K. Enneti, S.-J. Park, S. V. Atre, 2014,

(2]

(3]



[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

T

oft
o

0]-&3

e

Powder Injection Molding Process Design for UAV
Engine Components using Nanoscale Silicon Nitride
Powders, Ceram. Int., Vol. 40, No. 1A, pp. 893~900.
S. Ahn, S. J. Park, S. Lee, S. V. Atre, R. M. German,
2009, Effect of Powders and Binders on Material
Properties and Molding Parameters in Iron and
Stainless Steel Powder Injection Molding Process,
Powder Technol., Vol. 193, No. 2, pp. 162~169.

R. M. German, 2003, Powder Injection Molding:
Design and Applications, Innovative Materials
Solutions, State College, PA, pp. 39~69.

C. D. Greene, D. F. Heaney, 2007, The PVT Effect on
the Final Sintered Dimensions of Powder Injection
Molded Components, Mater. Des., Vol. 28, No. 1, pp.
95~100.

F. llinca, J. F. Hétu, A. Derdouri, J. Stevenson, 2002,
Metal Injection Molding: 3D Modeling of
Nonisothermal Filling, Polym. Eng. Sci., Vol. 42, No.
4, pp. 760~770.

G. Aggarwal, S. J. Park, 1. Smid, 2006, Development
of Niobium Powder Injection Molding: Part |I.
Feedstock and Injection Molding, Int. J. Refract. Met.
Hard Mater., Vol. 24, No. 3, pp. 253~262.

S. V. Atre, S. J. Park, R. Zauner, R. M. German, 2007,
Process Simulation of Powder Injection Moulding:
Identification of Significant Parameters during Mould
Filling Phase, Powder Metall., Vol. 50, No. 1, pp.
76~85.

A. Mannschatz, S. Héhn, T. Moritz, 2010, Powder-

binder Separation in Injection Moulded Green Parts, J.

Eur. Ceram. Soc., Vol. 30, No. 14, pp. 2827~2832.
D. Blaine, S. H. Chung, S. J. Park, P. Suri, R. M.

g STS 316L B g Azte] thdh A

[13]

[14]

[15]

[16]

[17]

[18]

129

German, 2004, Finite Element Simulation of Sintering
Shrinkage and Distortion in large PIM Parts, P/M Sci.
Technol. Briefs, Vol. 6, No. 13. pp.13~18.

B. Ozcelik, T. Erzurumlu, 2006, Comparison of the
Warpage Optimization in the Plastic Injection
Molding Using ANOV, Neural Network Model and
Genetic Algorithm, J. Mater. Process. Technol., Vol.
171, No. 3, pp. 437~445.

H. Oktem, E. Tuncay, U. Ibrahim, 2007, Application
of Taguchi Optimization Technique in Determining
Plastic Injection Molding Process Parameters for a
Thin Shell Part, Mater. Des., Vol. 28, No. 4, pp.
1271~1278.

S. W. Lee, S. Ahn, C. J. Whang, S. J. Park, S. V. Atre,
J. Kim, R. M. German, 2011, Effects of Process
Parameters in Plastic, Metal, and Ceramic Injection
Molding Processes, Korea-Aust. Rheol. J., Vol. 23,
No. 3, pp.127~138.

T. H. Kwon, S. Y. Ahn, 1995, Slip Characterization of
Powder/Binder Mixtures and its Significance in the
Filling Process Analysis of Powder Injection Molding,
Powder Technol., Vol. 85, No. 1, pp. 45~55.

J. C. Gelin, T. Barriere, J. Song, 2009, Processing
Defects and Resulting Mechanical Properties After
Metal Injection Molding, J. Eng. Mater. Technol., Vol.
132, No. 1, pp. 011017-1~9.

R. Urval, S. Lee, S. V. Atre, S. J. Park, R. M. German,
2008, Optimization of Process Conditions in Powder
Injection Moulding of Microsystem Components
using a Robust Design Method: Part I. Primary
Design Parameters, Powder Metall., Vol. 51, No. 2, pp.
133~142.



